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TEMPERED PACING OF SHINGLED
MAGNETIC STORAGE DEVICES

TECHNICAL FIELD

Aspects of the disclosure are related to the field of data
storage and hard disk drives in data storage systems.

TECHNICAL BACKGROUND

Computer and network systems such as personal comput-
ers, workstations, server systems, and cloud storage systems,
typically include data storage elements for storing and
retrieving data. These data storage elements can include data
storage devices, such as hard disk drives, solid state storage
devices, hybrid storage devices, tape storage devices, and
other mass storage devices. Manufacturers of data storage
devices typically manufacture different grades of data storage
devices that can have different performance characteristics,
such as throughput rates, transaction buffer sizes, rotation
rates for rotating magnetic media, or latencies, among other
characteristics.

As computer systems and networks grow in numbers and
capability, there is a need for more and more storage capacity.
Cloud computing and large-scale data processing systems
have further increased the need for digital data storage sys-
tems capable of transferring and holding immense amounts of
data. Data centers can include a large quantity of data storage
devices in various rack-mounted and high-density storage
configurations.

These high-density storage configurations might employ a
variety of storage devices using different storage technolo-
gies. One such storage technology includes data storage
drives with shingled magnetic recording (SMR) technology
to increase storage densities on associate storage media. SMR
technology physically overlaps adjacent data tracks ona mag-
netic storage media, in contrast to a non-overlapping record-
ing technology, such as parallel magnetic recording (PMR).
However, differences in host-side throughputs of data storage
drives that include SMR technology can lead to unpredictable
performance for individual data storage drives and thus
unpredictable performance for the large number of data stor-
age drives within a storage facility.

OVERVIEW

To provide enhanced operation of data storage devices and
systems, various systems, apparatuses, methods, and soft-
ware are provided herein. In a first example, a data storage
device is provided. The data storage device includes storage
media comprising a first storage region and a shingled mag-
netic recording (SMR) storage region. The data storage
device also includes a storage control system configured to
receive storage operations transferred over a host interface
that comprise write operations for storage of write data on the
storage media and responsively store the write data in the first
storage region prior to transferring into the SMR storage
region. The storage control system is configured to determine
areporting pace for transferring the write operations from the
first storage region into the SMR storage region, the reporting
pace establishing a target performance that is tempered from
storage of the write data into the first storage region. The
storage control system is configured to report completion of
the write operations over the host interface at the reporting
pace.

In another example, a method of operating a data storage
device is presented. The method includes receiving storage
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operations transferred over a host interface that comprise
write operations for storage of write data on the storage media
and responsively storing the write data in a first storage region
of'the storage media prior to transferring into a SMR storage
region of the storage media. The method also includes deter-
mining a reporting pace for reporting transfer of the write
operations from the first storage region into the SMR storage
region, the reporting pace establishing a target performance
that is tempered from storage of the write data into the first
storage region. The method also includes reporting comple-
tion of the write operations over the host interface at the
reporting pace.

In another example, a data storage system is presented. The
data storage system includes a plurality of data storage
devices configured to receive storage operations for storage
and retrieval of data on associated storage media, each of the
associated storage media comprising a magnetic recording
(SMR) storage region. Each of the plurality of data storage
devices comprise a storage control system configured to
receive associated storage operations transferred by a host
system that comprise write operations for storage of write
data on the storage media and responsively store the write
data in a first storage region prior to transferring into the SMR
storage region. The storage control system is configured to
determine a reporting pace for reporting transfer of the write
operations from the first storage region into the SMR storage
region, the reporting pace establishing a target performance
that is tempered from storage of the write data into the first
storage region to normalize performance across ones of the
plurality of data storage devices. The storage control system
is configured to report completion of the write operations at
the reporting pace.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views. While several embodiments are described in con-
nection with these drawings, the disclosure is not limited to
the embodiments disclosed herein. On the contrary, the intent
is to cover all alternatives, modifications, and equivalents.

FIG. 1 is a system diagram illustrating a data system.

FIG. 2 is a flow diagram illustrating a method of operation
of a data storage drive.

FIG. 3 is a system diagram illustrating a data system.

FIG. 4 is a flow diagram illustrating a method of operation
of a hard disk drive.

FIG. 5 is a diagram illustrating performance estimation
tables.

FIG. 6 is a diagram illustrating a write credit procedure for
a hard disk drive.

FIG. 7 is a diagram illustrating a read credit procedure for
a hard disk drive.

DETAILED DESCRIPTION

High-density magnetic storage devices employ a variety of
storage technologies. One such storage technology includes
rotating data storage drives with shingled magnetic recording
(SMR) technology. SMR technology allows for read/write
heads to physically overlap adjacent data tracks on the storage
media, in contrast to a non-overlapping recording technology,
such as parallel magnetic recording (PMR). However,
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devices that employ SMR technology can lead to “bursty”
performance for random writes and slower performance for
fragmented reads. The bursty performance can result from
using a temporary storage region or exception region on the
storage media that doesn’t employ SMR techniques. This
temporary storage region can be used to store data quickly
before archival into the SMR regions, and allows for a fast
treatment of write data from the perspective of host systems.
In many examples, random writes to a device that employs
SMR techniques can occur more rapidly than an equivalent
device that employs PMR techniques, in part due to use of this
temporary storage region.

Faster performance for random writes might be desirable
in some situations. However, when these devices are
employed in a large data center with many drives operating
concurrently, the bursty nature of these many drives can lead
to difficulties from the perspective of the host systems. Spe-
cifically a host system might be less able to predict perfor-
mance and maintain steady flow of data to drives that use
SMR techniques. Also, device-to-device variation in a large
data center can produce difficulties in data transfer, process
scheduling, and power consumption estimation by associated
data systems. In the examples herein, temperance manage-
ment is employed to throttle reporting of random write
completions to mediate a burst performance throughput of the
data storage devices and provide more consistent perfor-
mance for host systems.

In a first example of temperance management in data stor-
age devices, FIG. 1 is presented. FIG. 1 is a system diagram
illustrating data system 100. System 100 includes data stor-
age device 110 and host system 140. Data storage device 110
and host system 140 communicate over storage interface 130.
Data storage device 110 includes data storage elements com-
prising one or more rotating storage media 111. Data storage
device 110 also includes input/output (I/O) queue 121 for
caching storage operations received from host system 140,
and storage control system 120 to control the operations of
data storage device 110.

In operation, data storage device 110 receives read or write
transactions over storage interface 130 issued by host system
140. Responsive to read transactions, data storage device 110
can retrieve data stored upon storage media 111 for transfer to
host system 140. Responsive to write transactions, data stor-
age device 110 stores data onto storage media 111. It should
be understood that other components of data storage device
110 are omitted for clarity in FIG. 1, such as read/write heads,
armatures, preamps, transceivers, processors, amplifiers,
motors, servos, enclosures, and other electrical and mechani-
cal elements.

To further illustrate the operation of data system 100, FIG.
2 is provided. FI1G. 2 is a flow diagram illustrating a method of
operating data storage device 110. The operations of FIG. 2
are referenced below parenthetically. In FIG. 2, data storage
device 110 receives (201) storage operations transferred by
host system 140 that comprise write operations for storage of
write data on a storage media. In this example, the storage
operations are received by storage control system 120 over
storage link 130 and placed into /O queue 121. These storage
operations can comprise read operations or write operations,
but in the example discussed in FIG. 2 only write operations
are discussed for clarity.

Storage control system 120 stores (202) the write datain a
first storage region prior to transferring into a SMR storage
region. In FIG. 1, the write data is first cached in first storage
region 115 prior to transferring into SMR storage region 116.
First storage region 115 and SMR storage region 116 can be
on the same storage media, such as in examples using rotating
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magnetic storage media. However, first storage region 115
can instead be a separate storage medium, such as a solid state
storage medium. In some examples, first storage region 115
comprises a “write twice cache” which is used to store write
data before writing into SMR storage region 116. Storage of
the write data in first storage region 115 is a relatively rapid
process, and occurs at a pace that is shown by “caching pace”
in FIG. 1, with many write operations being handled in a
quick succession. These write operations might be inter-
rupted by read operations, as indicated in FIG. 1, such as
when first storage region 115 and SMR storage region 116 are
included on the same storage media.

As discussed above, this “caching pace” might present a
bursty operation to host system 140 over storage link 130,
which might be undesirable in some situations. To aid in a
more tempered operation of data storage device 110, storage
control system 120 can throttle transfer of the write data from
first storage region 115 into SMR storage region 116 or
throttle reporting of write completions to host system 140.

Storage control system 120 determines (203) a reporting
pace for transferring the write operations from first storage
region 115 into SMR storage region 116, the reporting pace
establishing a target performance that is tempered from stor-
age of the write data into first storage region 115. The report-
ing pace tempers out the fast pace of transfer of write data into
first storage region 115 by at least managing reporting of
write operation completion to host 140 to a pace commensu-
rate with a target performance of data storage device 110. The
rate at which write data is transferred into SMR storage region
116 can be modified to occur at the reporting pace in some
examples and the reporting to host 140 can occur when the
write data is transferred into SMR storage region 116. In other
examples, the transfer of write data into SMR storage region
116 can occur decoupled from reporting of the write comple-
tions to host 140 at the reporting pace, and transfer of write
data into SMR storage region 116 can be performed in bursts.

The reporting pace can be determined based on a projected
performance of the transfer of write data into SMR storage
region 116 using a projected pace of write operations in light
of a current workload of data storage device 110. This pro-
jected pace of writes can be based on a historical tracking of
storage operations handled by data storage device, which can
predict performance or pacing of pending writes in [/O queue
121. A data structure can be employed by storage control
system 120 to track properties for past storage operations to
establish a running estimation of handling of write data by
data storage device 110 and use this running estimation to
establish the reporting pace to meet throughput or perfor-
mance targets. In examples discussed below, such as in FIGS.
5-7, a simulated or projected performance is determined for
storage operations which establishes the reporting pace to
maintain a consistent target performance of a data storage
device as presented to a host system.

Storage control system 120 reports (204) completion of the
write operations to host system 140 at the reporting pace. As
seenin FIG. 1, although the caching pace is bursty and uneven
among writes and reads, the reporting pace is more tempered
and steady. This reporting pace allows for host system 140 to
see a predictable and consistent performance from data stor-
age device 110. In some examples, performance of data stor-
age device 110 is slowed down from a maximum performance
to obtain the reporting pace at the target performance. For
example, data storage device 110 might be able to support a
first, high, throughput for read and write operations. How-
ever, it may be desirable to operate at a second, slower,
throughput for various reasons. These reasons may include
matching performance of across data storage devices in a data
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storage system having many data storage devices, or to
present a lower performing device to a host when a higher
performing device is not desired.

Returning to the elements of FIG. 1, data storage device
110 includes one or more computer readable storage media
111 accessible via one or more read/write heads and associ-
ated electromechanical elements. Storage control system 120
is shown as an example of processing circuitry and interfac-
ing elements of data storage device 110. Data storage device
110 can include further elements, such as those discussed for
hard disk drive 310 in FIG. 3, although variations are pos-
sible. Data storage device 110 can comprise a hard disk drive
or other computer readable storage device. The computer
readable storage media of data storage device 110 can include
rotating magnetic storage media, but can additionally include
other media, such as employed in I/O queue 121, or other
caches or cache systems of data storage device 110. These
other media can include solid state storage media, optical
storage media, non-rotating magnetic media, phase change
magnetic media, spin-based storage media, or other storage
media, including combinations, variations, and improve-
ments thereof. In some examples, data storage device 110
comprises a hybrid hard drive employing solid state storage
elements in addition to rotating magnetic storage media. Stor-
age media 113 can employ various magnetic storage
schemes, such as shingled magnetic recording (SMR), non-
shingled magnetic recording, perpendicular magnetic record-
ing (PMR), including combinations, variations, and improve-
ments thereof.

Host system 140 can include processing elements, data
transfer elements, and user interface elements. In some
examples host system 140 is a central processing unit of a
computing device or computing system. In other examples,
host system 140 also includes memory elements, data storage
and transfer elements, controller elements, logic elements,
firmware, execution elements, and other processing system
components. In yet other examples, host system 140 com-
prises a RAID controller processor or storage system central
processor, such as a microprocessor, microcontroller, Field
Programmable Gate Array (FPGA), or other processing and
logic device, including combinations thereof. Host system
140 can include, or interface with, user interface elements
which can allow a user of data storage system 100 to control
the operations of data storage system 100 or to monitor the
status or operations of data storage system 100. These user
interface elements can include graphical or text displays,
indicator lights, network interfaces, web interfaces, software
interfaces, user input devices, or other user interface ele-
ments. Host system 140 can also include interface circuitry
and elements for handling communications over bus 130,
such as logic, processing portions, buffers, transceivers, and
the like.

Bus 130 can include one or more serial or parallel data
links, such as a Peripheral Component Interconnect Express
(PCle) interface, serial ATA interface, Serial Attached Small
Computer System (SAS) interface, Integrated Drive Elec-
tronics (IDE) interface, ATA interface, Universal Serial Bus
(USB) interface, wireless interface, Direct Media Interface
(DMI), Ethernet interface, networking interface, or other
communication and data interface, including combinations,
variations, and improvements thereof. Although one bus 130
is shown in FIG. 1, it should be understood that one or more
discrete links can be employed between the elements of data
storage system 100.

As afurther example data storage system employing a data
storage drive, FIG. 3 is presented. FIG. 3 is a system diagram
illustrating data storage system 300. Data storage system 300
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includes hard disk drive (HDD) 310 and host system 390.
HDD 310 and host system 390 communicate over storage link
330. Various elements of HDD 310 can be included in data
storage device 110 of FIG. 1, although variations are possible.

Although one HDD 310 is shown in FIG. 3, it should be
understood that more than one HDD could be included and
linked to host system 390 or other host systems, such as in a
data storage environment employing many hard disk drives in
an array. As an example of more than one HDD in an array,
HDDs 350-351 are included in FIG. 3, and each of HDD
350-351 can include an associated host interface or storage
link, such as discussed for link 330.

Storage link 330 can include one or more links, although a
combined link is shown in FIG. 3. Storage link 330 can
comprise a storage or disk interface, such as Serial Attached
ATA (SATA), Serial Attached SCSI (SAS), FibreChannel,
Universal Serial Bus (USB), SCSI, InfiniBand, Peripheral
Component Interconnect Express (PCle), Ethernet, Internet
Protocol (IP), or other parallel or serial storage or peripheral
interfaces, including variations and combinations thereof.

Host system 390 can include one or more computing and
network systems, such as personal computers, servers, cloud
storage systems, packet networks, management systems, or
other computer and network systems, including combina-
tions and variations thereof. In operation, host system 390
issues read and write commands or operations to HDD 310
over storage link 330.

HDD 310 includes storage media 311, R/W heads 312, and
storage control system 370. Storage control system 370
includes processing circuitry 371, memory 372, host inter-
face (I/F) 374, and /O queue 373. It should be understood that
other components of HD 310 are omitted for clarity in FIG. 3,
such as preamps, amplifiers, motors, armatures, servos,
enclosures, and other electrical and mechanical elements.
Furthermore, storage control system 370 includes firmware
373 which includes performance estimator 380, cache han-
dler 381, and host reporter 382 which, when executed by at
least processing circuitry 371, operates as described below.
HDD 350-351 can include similar elements as HDD 310,
although variations are possible.

Host interface 374 includes one or more storage interfaces
for communicating with host systems, networks, and the like.
Host interface 374 can comprise transceivers, interface cir-
cuitry, connectors, buffers, microcontrollers, and other inter-
face equipment.

1/0 queue 373 includes one or more non-volatile computer
readable memory devices. I/O queue 373 can include RAM,
SRAM, flash memory, magnetic RAM, phase change
memory, resistive random-access memory (ReRAM), among
other memory technologies. In some examples, /O queue
373 is included in one or more non-volatile memory devices.
For example, I/O queue 373 can be included in a non-volatile
memory device used for caching storage transactions. 1/O
queue 373 can be included in elements of host interface 374,
processing circuitry 371, or memory 372. /O queue 373 is
employed as cache storage operations received over host
interface 374, which can include read operations or write
operations, along with any associated write data that accom-
panies the write operations. [/O queue 373 is configured to
hold storage operations received over link 330 for handling by
storage control system 370.

Storage control system 370 also includes processing cir-
cuitry 371 and memory 372. Processing circuitry 371 can
comprise one or more microprocessors and other circuitry
that retrieves and executes firmware 373 from memory 372.
Processing circuitry 371 can be implemented within a single
processing device but can also be distributed across multiple
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processing devices or sub-systems that cooperate in execut-
ing program instructions. Examples of processing circuitry
371 include general purpose central processing units, appli-
cation specific processors, and logic devices, as well as any
other type of processing device, combinations, or variations
thereof.

Memory 372 can comprise any non-transitory computer
readable storage media readable by processing circuitry 371
and capable of storing firmware 373. Memory 372 can
include volatile and nonvolatile, removable and non-remov-
able media implemented in any method or technology for
storage of information, such as computer readable instruc-
tions, data structures, program modules, or other data. In
addition to storage media, in some implementations memory
372 can also include communication media over which firm-
ware 373 can be communicated. Memory 372 can be imple-
mented as a single storage device but can also be implemented
across multiple storage devices or sub-systems co-located or
distributed relative to each other. Memory 372 can comprise
additional elements, such as a controller, capable of commu-
nicating with processing circuitry 371. Examples of storage
media of memory 372 include random access memory, read
only memory, magnetic disks, optical disks, flash memory,
phase change memory, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or
any other medium which can be used to store the desired
information and that can be accessed by an instruction execu-
tion system, as well as any combination or variation thereof,
or any other type of storage media.

Firmware 373, performance estimator 380, cache handler
381, and host reporter 382 can be implemented in program
instructions and among other functions can, when executed
by HDD 310 in general or processing circuitry 371 in par-
ticular, direct HDD 310 or processing circuitry 371 to operate
as described herein. Firmware 373 can include additional
processes, programs, or components, such as operating sys-
tem software, database software, or application software.
Firmware 373, performance monitor 380, and cache handler
381 can also comprise software or some other form of
machine-readable processing instructions executable by pro-
cessing circuitry 371. In at least one implementation, the
program instructions can include first program instructions
that direct storage control system 370 to receive write opera-
tions and responsively store write data in a first storage region
prior to transferring into a SMR storage region (cache handler
381), determine a reporting pace for transferring the write
operations from the first storage region into the SMR storage
region (performance estimator 380), and report completion of
the write operations to the host system at the reporting pace
(host reporter 382), among other operations.

In general, firmware 373 can, when loaded into processing
circuitry 371 and executed, transform processing circuitry
371 overall from a general-purpose computing system into a
special-purpose computing system customized to operate as
described herein. Encoding firmware 373 on memory 372 can
transform the physical structure of memory 372. The specific
transformation of the physical structure can depend on vari-
ous factors in different implementations of this description.
Examples of such factors can include, but are not limited to
the technology used to implement the storage media of
memory 372 and whether the computer-storage media are
characterized as primary or secondary storage. For example,
if the computer-storage media are implemented as semicon-
ductor-based memory, firmware 373 can transform the physi-
cal state of the semiconductor memory when the program is
encoded therein. For example, firmware 373 can transform
the state of transistors, capacitors, or other discrete circuit
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elements constituting the semiconductor memory. A similar
transformation can occur with respect to magnetic or optical
media. Other transformations of physical media are possible
without departing from the scope of the present description,
with the foregoing examples provided only to facilitate this
discussion.

To further illustrate the operation of system 300 and HDD
310, FIG. 4 is presented. FIG. 4 is a flow diagram illustrating
a method of operation of HDD 310. The operations of FIG. 4
are referenced below parenthetically. In FIG. 4, HDD 310
receives (401) storage operations 320 transferred by host
system 390 that comprise write operations for storage of write
data on a storage media and read operations for retrieval of
data. The write operations can be accompanied by write data,
or HDD 310 might subsequently request write data from host
system 390 responsive to receiving a corresponding write
operation. Read operations can be for data previously stored
by HDD 310, such as data previously written to storage media
311 or for metadata associated with the data which can
include filenames, directory/folder listings, or file properties,
among other metadata.

Once received over host interface 374, storage operations
320 are placed into I/O queue 373 for staging by storage
control system 370 before handling. Out of order execution of
the storage operations included in I/O queue can be estab-
lished for more efficient use of HDD 310 and R/W heads 312.

Storage control system 370 stores (402) write data in cache
zone 315 prior to transferring into SMR zone 316. In some
examples, first storage region 315 comprises a “write twice
cache” which is used to store write data before writing into
SMR zone 316. When the storage operations are write opera-
tions, associated write data is staged into cache zone 315 of
storage media 311 before committing into SMR zone 316.
This staging process into cache zone 315 can occur quickly
after receipt of write data over host link 330. The rapid staging
into cache zone 315 might normally present a bursty opera-
tion to host system 390 for random write operations which
might be undesirable for host system 390, as discussed above
in other examples. Therefore, instead of reporting completion
of random write operations when write data is staged into
cache zone 315, write completion reporting to host system
390 is tempered by using a simulated performance separate
from data operations of HDD 310. In further examples, a
write cache is employed that is not on storage media 311, such
as in hybrid hard drives that employ solid-state write caches
which can comprise volatile or non-volatile memory devices.
In examples with a separate write cache, the write data can be
staged into the separate write cache instead of cache zone
315, and the write data is later de-staged or committed to
SMR zone 316 from the separate write cache. The techniques
discussed herein apply to devices that employ cache zone 315
or to devices with separate write caches.

Storage control system 370 generates (403) a simulated
performance for the write operations by determining
expected completion times for each of the write operations
based on partition ranges on the storage media and estimated
queue depths associated with the storage operations across
the partition ranges. A current one of the write operations is
identified for simulated performance from the top of a first-
in-first-out (FIFO) data structure, such as FIFO 510 of FIG. 5,
which indicates that an estimated completion time is being
determined for target operation 511. Newly received write
operations are introduced into FIFO 510 on the ‘left’ side in
FIG. 5. Examples of the simulated performance can be seen in
FIGS. 5-7, which are discussed below.

Partition ranges are identified for each write operation
currently being handled in the simulated performance. The
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partition ranges are used to categorize write operations into
one of several angular sweep ranges for R/W heads 312 over
storage media 311, and will be discussed in more detail
below. It should be noted that partition ranges are unrelated to
user-facing logical partitions used to assign drive letters to
storage portions or to logically subdivide a larger storage area
into smaller areas for use in file system operations of host
system 390 or other associated end user data systems.

The estimated queue depths are used to estimate a queue
depth used for host interface 374, such as estimating a depth
of I/O queue 373 without knowledge of the actual queue
depth employed. Many times host system 390 can adjust a
queue depth for HDD 310 on-the-fly and storage control
system 370 might not have visibility to that queue depth.
Therefore, storage control system 370 can estimate the queue
depths, and this will be discussed in more detail below.

Using at least the partition ranges and estimated queue
depth, storage control system 370 can determine an estimated
completion time for any particular random write operation. A
random write comprise a write to a non-deterministic or ran-
dom location of storage media 311, and is differentiated from
a sequential write which occurs in conjunction with several
other write operations to a similar location on storage media
311. Random write performance of HDD 310 depends in
large part on how far R/W heads 312 have to move to find the
correct track/block for the write operation as well as a queue
depth currently being employed for storage operations of host
system 390. Therefore, to estimate write performance, a run-
ning history of partition sizes and queue depths can be main-
tained by storage control system 370.

Many times, a host system will have one or more processes,
such as applications, which store and retrieve data in temporal
and physical proximity on storage media 311. For example, a
first application executed on host system 390 (or a first pro-
cess on another data system that uses host system 390 to
store/retrieve data) might store and retrieve data within a
small angular sweep range of R/W heads 312 due to having
storage blocks that are proximate to each other for that appli-
cation. This angular sweep range is referred to herein as a
partition range. In non-rotating storage media, a partition
range might instead include a range of memory blocks or
addresses that are proximate to each other on the storage
media.

To determine the partition ranges for each write operation,
storage control system 370 maintains a data structure that
relates counts of a predetermined number of past storage
operations made to a plurality of sub-portions of the storage
media. Storage control system 370 can identify a partition
range using this data structure for a current write operation
based on a threshold window that spans one or more of the
sub-portions of the storage media proximate to a storage
location of the current one of the write operations.

For example, in FIG. 5, table 520 can be established to
identify the partition ranges. Table 520 subdivides storage
media 311 into 100 sub-portions, with each sub-portion rep-
resenting a small angular sweep range for R/W heads 312. If
the angular sweep range of R/W heads 312 is equal to “X”
then each column in table 520 represents an angular range of
X/100. This stroke % of table 520 can represent a correspond-
ing number of block addresses to subdivide storage media
311 into many consecutive block address ranges. A running
count of storage operations made to each sweep range is
tallied in the “sweep range count” of table 520. For example,
table 520 can tally the last “Y’ number of storage operations,
such as the last 1024 or 512 storage operations, among other
values. The last quantity of storage operations can be moni-
tored by table 520 to record which position on storage media
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311 that each storage operation was directed to, based on an
associated angular position of R/W heads 312 over storage
media 311. As a specific example, target operation 511 is
shown as directed to stroke % column 6 by comparing a block
address associated with target operation 511 to a stroke % for
storage media 311. As indicated in table 520, stroke % col-
umn 6 has had two previous storage operations (writes or
reads) in the past ‘Y’ number of storage operations.

A threshold window can then be used to identify a partition
range associated with target operation 511. This threshold
window can be used to identify in table 520 where the number
of past storage operations reduces in number past a certain
point. For example, the threshold might be set to ‘1’ and table
520 is searched on either side of column 6 to identify when the
number of past storage transactions falls below the threshold
number. In FIG. 5, this window is shown to span column 4 to
column 10 since column 3 indicates ‘0’ past storage opera-
tions and column 10 indicates ‘1’ past storage operations.
Thus, target operation 511 is associated with a particular
partition range indicated by seven columns 4-10, which cor-
responds to a sweep range of 7%. This sweep range for target
operation 511 is then used as a column identifier to lookup an
estimated performance in table 530.

However, an estimated queue depth must also be deter-
mined for target operation 511 that corresponds to a particular
row of table 530. It should be noted that table 530 only has a
finite number of entries, and thus when values for a target
command fall in-between rows or columns then an interpo-
lation process can be performed to determine an estimated
completion time. Alternatively, the row or column can be
selected by rounding a partition rage or queue depth for a
particular target operation to a nearby column or row.

To determine the estimated queue depth for target opera-
tion 511, storage control system 370 is configured to identify
the estimated queue depth for target operation 511 across the
partition range for target operation 511 by establishing a
count of recent storage operations received for each of the
stroke % columns over the partition range, and summing the
count of the recent storage operations over the partition range.
As seen in table 520 of FIG. 5, the partition range is from
column 4 to column 10. Summing entries in the “host queue
depth count™ row across this partition range leads to an esti-
mated queue depth of 8. The count used for host queue depth
count typically includes a smaller amount of past storage
operations than the sweep range count. For example, if the
sweep range count corresponds to the last 1024 or 512 storage
operations, then the host queue depth count might correspond
to the last 10 storage operations. The quantity of past storage
transactions counted in the host queue depth count row might
correspond to the FIFO depth used in FIFO 510, although
other quantities can be used including quantities that are
adjusted during operation.

Once the estimated queue depth is determined, then both a
row (estimated queue depth) and column (partition range)
correspond to an estimated completion time entry in table 530
for target operation 511. The partition range and the estimated
queue depth are used as an index to a table 530 relating
estimated completion times to partition ranges and estimated
queue depths for HDD 310. The estimated completion times
can be precomputed for HDD 310 based on an average
completion time for an exemplary random write operation in
context of each of the values of the partition ranges and the
estimated queue depths. In further examples, the estimated
completion times can be calculated on-the-fly instead of
employing a lookup table of precomputed values.

Ifthe write operations correspond to write data sizes larger
than a pre-computed size, then additional time for the larger
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data sizes can be included. For example, equation 540 shown
in FIG. 5 might be used to pre-compute entries for each
row-column combination in table 530 based on a 4 kilobyte
(KB) write size. If the current write (e.g. target write com-
mand 511) corresponds to write data larger than 4 KB, then
this additional size is taken into account using equation 540.

Once an estimated completion time is determined for a
particular write operation, such as for target write command
511, then storage control system 370 can use this estimated
completion time in a simulated write process used to establish
the reporting pace over storage link 330.

As one example simulation process, FIG. 6 is presented.
FIG. 6 includes graph 600 which indicates a timeline for a
simulated write process that covers an example timeline of
writes and reads, specifically write,,_,, write,,, read, ., and
write, , ,. It should be noted that write,_,, write,, and write,, ,
are random writes in this example. Write and read durations
are indicated below the timeline as bracketed timespans.
Writes can be reported to host system according to the simu-
lated bracketed timespans for each write, such as at a begin-
ning of each write timespan or at the end of each write
timespan.

Periodic write time credits can be tracked after a write has
occurred and periodic estimated write times are calculated. At
time 610 a write credit is issued or checked. In some cases, a
write credit is not needed to be made, such as when a random
write has not previously occurred since the last write credit
has been issued to ledger 384. Assuming that no write credit
is needed at time 610, then no write credit is issued into ledger
384. At time 620, an estimated completion time is calculated
for a write, specifically for the next write to be included in the
timeline, which is write,, in FIG. 6. Next, at time 611 a write
credit is checked to see if a credit should be issued, and since
write,,_, has just occurred in the simulated timeline then a
credit is issued into ledger 384 that corresponds to the esti-
mated completion time for write,,_;.

After the completed simulation of write,,_,, then the simu-
lation of' write,, occurs. In the case of write,,, a sequential write
burst 630 interrupts the simulation during the performance of
the sequential write burst. A sequential write burst is a series
of write operations that are received by HDD 310 which
correspond to a sequential storage location and can be burstto
SMR zone 316 without caching or tempering in the associ-
ated reporting. This can be preferred when a large burst of
write operations are performed at a particular instance in time
by host 390 instead of random singular write operations.
Once the sequential write burst has completed, then the simu-
lation can resume.

At time 621, another estimated completion time is calcu-
lated, in this case for the next write, namely write,,, ,. At time
612 a write credit is checked, and since no write had com-
pleted since the last write credit check, then no credit is
issued. At time 613 another write credit is checked, and since
write, completed since the last write credit check, then a write
credit is issued to ledger 384.

Eventually, enough write credits have been issued and
write cache commit process 631 is prompted. Write cache
commit process 631 is a burst operation that transfers (406)
pending write data associated with write operations from
cache zone 315 into SMR zone 316. Although in some
examples the write data can be transferred from cache zone
315 into SMR zone 316 as the bracketed timespans in the
simulation indicates for each write operation, in this example
a burst is used to transfer groups of write data into SMR zone
316. A trigger condition can initiate write cache commit
process 631, such as when a fullness of cache zone 315
reaches a fullness threshold. Other trigger conditions can
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include when enough write time credits have been issued into
ledger 384 to exceed a time credit threshold. Once write cache
commit process 631 occurs, then ledger 384 subtracts time
credits corresponding to the write operations that are com-
pleted by write cache commit process 631.

As mentioned above, reporting of completion of write
operations (405) to host system 390 can occur commensurate
with the bracketed timespans based on the simulation times of
writes shown in FIG. 6, or can instead occur once the write
data has been transferred into SMR zone 314 by write cache
commit process 631.

At time 622, another estimated completion time is calcu-
lated, in this case for a later write which isn’t shown in FIG.
6. Attime 614 a write credit is checked, and since no write had
completed since the last write credit check, then no credit is
issued. At time 615 a write credit is checked, and since a read
had last occurred, then no credit is issued. At time 623, an
estimated completion time is calculated for a write, specifi-
cally for the next write to be included in the timeline, which
not shown in FIG. 6. Simulations such as in FIG. 6 can
continue for further write operations.

Storage control system 370 determines (404) a reporting
pace to establish a host interface throughput rate based on the
expected completion times for each of the write operations
adjusted by read penalties for non-sequential reads. As with
the simulated write operations seen in FIG. 6, an accounting
of read operations can also be considered when establishing
the reporting pace. FIG. 7 illustrates an example accounting
of read operations for HDD 310.

When the storage operations are read operations, the read
operations are typically performed at a pace of receipt from
host system 390. Usually, read data is desired to be retrieved
from storage media 311 and transferred to host system 390 as
quickly as possible to reduce latencies and operational delays
for host system 390. However, when data targeted to be read
is already stored in SMR zone 316, read operations of at least
two types can occur. A first type is a sequential read, where
target data to be read is stored in physically sequential blocks
in SMR zone 316. In this first type of read, the read can be
performed relatively quickly and without interruption once
R/W heads 312 are positioned over the first data block corre-
sponding to the target data to be read. A second type of read is
a non-sequential read, or fragmented read, where target data
to be read is stored in blocks in SMR zone 316 which are not
physically sequential, and thus R/W heads 312 must be posi-
tioned more than once to read all of the target data, adding
latency due to seek times of R/W heads 312. The reposition-
ing of R/W heads 312 adds delay into the retrieval of all of the
target read data, and can slow down performance of HDD 310
as presented to host system 390. It should be understood that
reads can occur in combinations of sequential and non-se-
quential blocks.

Returning to FIG. 7, read operations are shown as occur-
ring with at least a portion thereof corresponding to non-
sequential read operations. This can be referred to as a frag-
mented read, where data to be read from storage media 311 is
scattered over non-sequential storage locations and R/W
heads 312 must be repositioned mid-read or mid-burst of read
operations. Time credit ledger 383 can be established as a data
structure to monitor penalties for fragmented reads. These
time penalties can be used to shorten later write simulated
times to offset the time penalty for the fragmented read opera-
tions. Specifically, in FIG. 7, a duration for write,, , is short-
ened by the amount of penalty from the previous fragmented
read. The reporting pace can be thus established to shorten
write reporting delays to offset increased delays from frag-
mented reads and maintain a consistent throughput that is
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presented to host system 390. Although time credit ledger 383
is shown as separate from ledger 384 in FIG. 3, in other
examples these are included in the same ledger or associated
data structures.

Storage control system 370 reports (405) completion of the
write operations to the host system at the reporting pace.
Based on the simulated performance of write operations, the
reporting pace is established and a target performance is
presented by HDD 310 to host system 390. For example, if the
target performance is desired to be slower than a potential
throughput of HDD 310, then the reporting pace can be estab-
lished to slow down the performance of HDD 310 to meet the
target performance. In other examples, random write opera-
tions are too “bursty” as observed by host system 390, and a
tempered operation by HDD 310 is desired, then tempered
operation can include a reporting pace that reports write
completions decoupled from actual writing of data into cache
zone 315 or SMR zone 316. This decoupling can establish a
throttled reporting of status with regards to write operations
received by HDD 310 to steady or temper reporting of write
completions and present a more consistent completion rate to
host system 390.

In examples where many storage devices are employed,
such as an array of HDDs or a large data center, the tempered
reporting discussed herein can enhance the operation of exist-
ing or new data storage devices. Consistent write reporting
can lead to more predictable performance which can aid host
systems in various storage operations. A consistent through-
put presented to a host system (or multiple host systems)
regarding write operations can be established across many
storage devices. For example, a plurality of data storage
devices can be configured to operate as discussed herein to
normalize or equalize performance across each other, such as
to provide a consistent or matched throughput for each of the
plurality of data storage devices. These data storage devices
can be preconfigured to operate with a predetermined perfor-
mance that is presented to a host, or can be configured during
operation to modify or alter performance targets. Addition-
ally, when new or replacement data storage devices are
installed, the tempered performance techniques discussed
herein can be used to match performance of the new or
replacement devices to that of existing data storage devices.
In further examples, backwards compatibility of data storage
devices can be achieved by the tempered performance which
can be employed to match performance of older models or
type of data storage drives even though a faster or more bursty
operation might normally be experienced by a new or replace-
ment device. In yet further examples, equalization or normal-
ization of characteristics of various data storage devices com-
prising different brands, speeds, or types can be achieved
using the tempering discussed herein.

To coordinate matched, equalized, or normalized perfor-
mance across multiple data storage devices, such as many
HDDs in a storage array, throughput matching instructions
can be transferred to each device. A system external to each
HDD can transfer a target performance indicator over a stor-
age link to the data storage devices. For example, in the
example shown in FIG. 3, host system 390 can transfer throt-
tling instructions to each HDD (310 and 350-351) shown in
FIG. 3 over an associated storage link. These throttling
instructions can include a target performance for each HDD,
such as an indicator in input/output operations per second
(IOPS), bits per second, or a target performance using any
other associated metric. In further examples, each HDD can
transfer an indication of a peak or maximum performance for
delivery to host system 390, and host system 390 can identify
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a target performance for each HDD to meet and transfer the
target performance to each HDD for tempering performance
as discussed herein.

The included descriptions and figures depict specific
embodiments to teach those skilled in the art how to make and
use the best mode. For the purpose of teaching inventive
principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations
from these embodiments that fall within the scope of the
invention. Those skilled in the art will also appreciate that the
features described above can be combined in various ways to
form multiple embodiments. As a result, the invention is not
limited to the specific embodiments described above, but only
by the claims and their equivalents.

What is claimed is:

1. A data storage device, comprising:

storage media comprising a first storage region and a
shingled magnetic recording (SMR) storage region;

a storage control system configured to receive storage
operations over a host interface that comprise write
operations for storage of write data on the storage media
and responsively store the write data in the first storage
region prior to transferring into the SMR storage region;

the storage control system configured to determine a
reporting pace associated with transferring the write
operations from the first storage region into the SMR
storage region, the reporting pace establishing a target
performance over the host interface that is tempered
from a storage pace of storing the write data into the first
storage region; and

the storage control system configured to report completion
of the write operations over the host interface at the
reporting pace.

2. The data storage device of claim 1, comprising:

the storage control system configured to store the write
data in the first storage region without reporting comple-
tion of the write operations over the host interface,
wherein the write data is stored in the first storage region
at a pace that is faster than the reporting pace.

3. The data storage device of claim 1, comprising:

the storage control system configured to generate a simu-
lated performance for the write operations to establish
the reporting pace.

4. The data storage device of claim 3, comprising:

the storage control system configured to generate the simu-
lated performance for the write operations by determin-
ing expected completion times for each of the write
operations based at least in part on a partition range on
the storage media and an estimated queue depth for the
storage operations across the partition range; and

the storage control system configured to establish the
reporting pace based at least in part on the expected
completion times for each of the write operations.

5. The data storage device of claim 4, comprising:

the storage control system configured to maintain a data
structure that relates counts of a predetermined number
of past storage operations made to a plurality of sub-
portions of the storage media;

the storage control system configured to identify the parti-
tion range for a current one of the write operations based
on a threshold window that spans one or more of the
plurality of sub-portions proximate to a storage location
of the current one of the write operations.

6. The data storage device of claim 5, comprising:

the storage control system configured to identify the esti-
mated queue depth for the storage operations across the
partition range by establishing a count of recent storage
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operations received for the plurality of sub-portions of
the storage media and summing the count of the recent
storage operations over the partition range.

7. The data storage device of claim 4, comprising:

the storage control system configured to determine the

expected completion times for each of the write opera-
tions by using the partition range and the estimated
queue depth for each of the write operations as an index
to a data structure relating the estimated completion
times to a plurality of partition ranges and a plurality of
estimated queue depths for the data storage device.

8. The data storage device of claim 7, wherein the estimated
completion times are precomputed for the data storage device
based on an average completion time for an exemplary ran-
dom write operation in context of each of the values of the
plurality of partition ranges and the plurality of estimated
queue depths.

9. The data storage device of claim 1, wherein the storage
operations transferred over the host interface further com-
prise read operations for retrieval of data stored on the storage
media; and comprising:

the storage control system configured to identify when

ones of the read operations are directed to data stored
non-sequentially in the SMR storage region, respon-
sively determine time penalties for the ones of the read
operations and use the time penalties to shorten comple-
tion times of selected write operations to maintain the
reporting pace.

10. A method of operating a data storage device, the
method comprising:

receiving storage operations transferred over a host inter-

face that comprise write operations for storage of write
data on the storage media and responsively storing the
write data in a first storage region of the storage media
prior to transferring into a SMR storage region of the
storage media;

determining a reporting pace for reporting transfer of the

write operations from the first storage region into the
SMR storage region, the reporting pace establishing a
target performance over the host interface that is tem-
pered from a storage pace of storing the write data into
the first storage region; and

reporting completion of the write operations over the host

interface at the reporting pace.

11. The method of claim 10, further comprising:

storing the write data in the first storage region without

reporting completion of the write operations over the
host interface, wherein the write data is stored in the first
storage region at a pace that is faster than the reporting
pace.

12. The method of claim 10, further comprising:

generating a simulated performance for the write opera-

tions to establish the reporting pace.

13. The method of claim 12, wherein generating the simu-
lated performance for the write operations comprises deter-
mining expected completion times for each of the write
operations based at least in part on a partition range on the
storage media and an estimated queue depth for the storage
operations across the partition range; and further comprising:

establishing the reporting pace based at least in part on the

expected completion times for each of the write opera-
tions.

14. The method of claim 13, further comprising:

maintaining a data structure that relates counts of a prede-

termined number of past storage operations made to a
plurality of sub-portions of the storage media;
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identifying the partition range for a current one of the write
operations based on a threshold window that spans one
or more of the plurality of sub-portions proximate to a
storage location of the current one of the write opera-
tions.
15. The method of claim 14, further comprising:
identifying the estimated queue depth for the storage
operations across the partition range by establishing a
count of recent storage operations received for the plu-
rality of sub-portions of the storage media and summing
the count of the recent storage operations over the par-
tition range.
16. The method of claim 13, further comprising:
determining the expected completion times for each of the
write operations by using the partition range and the
estimated queue depth for each of the write operations as
an index to a data structure relating the estimated
completion times to a plurality of partition ranges and a
plurality of estimated queue depths for the data storage
device.
17. The method of claim 16, wherein the estimated comple-
tion times are precomputed for the data storage device based
on an average completion time for an exemplary random
write operation in context of each of the values of the plurality
of partition ranges and the plurality of estimated queue
depths.
18. The method of claim 10, wherein the storage operations
transferred over the host interface further comprise read
operations for retrieval of data stored on the storage media;
and further comprising:
identifying when ones of the read operations are directed to
data stored non-sequentially in the SMR storage region,
responsively determining time penalties for the ones of
the read operations and use the time penalties to shorten
completion times of selected write operations to main-
tain the reporting pace.
19. A data storage system, comprising:
a plurality of data storage devices configured to receive
storage operations for storage and retrieval of data on
associated storage media, each of the associated storage
media comprising a magnetic recording (SMR) storage
region;
each of the plurality of data storage devices comprising:
astorage control system configured to receive associated
storage operations transferred by a host system that
comprise write operations for storage of write data on
the storage media and responsively store the write
data in a first storage region prior to transferring into
the SMR storage region;

the storage control system configured to determine a
reporting pace for reporting transfer of the write
operations from the first storage region into the SMR
storage region, the reporting pace establishing a target
performance that is tempered from a storage pace of
storing the write data into the first storage region to
normalize performance across ones of the plurality of
data storage devices; and

the storage control system configured to report comple-
tion of the write operations at the reporting pace.

20. The data storage system of claim 19, comprising:

the storage control system configured to generate a simu-
lated performance for the write operations by determin-
ing expected completion times for each of the write
operations based at least in part on a partition range on
the storage media and an estimated queue depth for the
storage operations across the partition range; and
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the storage control system configured to establish the
reporting pace based at least in part on the expected
completion times for each of the write operations.
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